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ABSTRACT 

Context. A combined study of kinematics and chemical composition of stars is one of the most promising tools of research in Galaxy 
formation. The main goal in this field of research is to reconstruct the formation history of our Galaxy, to reveal the origin of the thick 
disc, and to find remnants of ancient mergers. 

Aims. We determine detailed elemental abundances in stars belonging to the so-called Group 1 of the Geneva-Copenhagen survey 
(GCS) and compare the chemical composition with the Galactic thin- and thick-disc stars, with the GCS Group 2 and Group 3 stars, as 
well as with several kinematic streams of similar metallicities. The aim is to search for chemical signatures that might give information 
about the formation history of this kinematic group of stars. 

Methods. High-resolution spectra were obtained with the Fibre-fed Echelle Spectrograph (FIES) spectrograph at the Nordic Optical 
Telescope, La Palma, and were analysed with a differential model atmosphere method. Comparison stars were observed and analysed 
with the same method. 

Results. The average value of [Fe/H] for the 37 stars of Group 1 is -0.20 ± 0.14 dex. Investigated Group 1 stars can be separated into 
three age subgroups. Along with the main 8- and 12-Gyr-old populations, a subgroup of stars younger than 5 Gyr can be separated 
as well. Abundances of oxygen, a-elements, and r-process dominated elements are higher than in Galactic thin-disc dwarfs. This 
elemental abundance pattern has similar characteristics to that of the Galactic thick disc and differs slightly from those in Hercules, 
Arcturus, and AF06 stellar streams. 

Conclusions. The similar chemical composition of stars in Group 1, as well as in Group 2 and 3, with that in stars of the thick disc 
might suggest that their formation histories are linked. The chemical composition pattern together with the kinematic properties and 
ages of stars in the investigated GCS groups provide evidence of their common origin and possible relation to an ancient merging 
event. A gas-rich satellite merger scenario is proposed as the most likely origin. 
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1. Introduction 

In this series of papers (Stonkute et al. 2012, 2013, hereafter 
Paper I and Paper II; and IZenoviene et alJ 120141 hereafter 
Paper III), we investigate the detailed chemical composition 
of stellar kinematic groups that were identified in the Geneva- 
Copenhagen survey (GCS. [Nordstrom et al.l2004h and were sug¬ 
gested to belong to remnants of ancient merger events in our 
Galaxy dHelmi et al.ll2006l) . 

The formation and evolution of the Milky Way galaxy is one 
of the greatest outstanding questions of astrophysics. According 
Lambda cold dark matter (ACDM) cosmological model, large 
galaxies like our Galaxy emerge as an end-point of hierarchical 
clustering, merging, and accretion, but we still lack the detailed 
physical picture of how individual stellar populations can be 
associated with elements of the proto-cloud, and how different 
Galactic components formed and evolved. Even the thick disc, 
as a unique Galactic com ponent discovered more than 30 years 
ago dGilmore & Reidl 1983b . still has no approved formation sce¬ 
nario. Separation of the Galactic disc into ’’thick” and ’’thin” disc 
populations refers to different types of stars. Thick-disc stars are 


essentially older a nd more highly enriched in a-elements than 
thin-disc stars (e.g. lSoubiran & Girardll2005l) . The enhancement 
in a-elements suggests that the thick-disc stars were formed on 
relatively short timescales (~ 1 Gyr ), thus offering us a hin t 
to the formation history of our Galaxy (iKordopatis et a 11201 3al) . 
Ancient minor mergers of satellite galaxies are considered as one 
possible scenario of the thick-disc formation. 

Numerical simulations of merger events have shown that 
such debris st r eams survive as coherent structures over gigayears 
(iHelmil 12001 lL aw et a 1. 120051; IPenarrubia et all [20051) . Stellar 
streams may be discovered as overdensities in the phase space 
distribution of stars in the solar vicinity. Examining the GCS cat¬ 
alogue, iHelmi et al.l (120061 ) looked for stellar streams in a space 
of orbital apocentre, pericentre, and ’-angular momentum (L,), 
the so-called APL-space. In this kind of space stellar streams 
cluster around lines of constant eccentricity. They found three 
new coherent stellar groups (Group 1, 2, and 3) with distinc¬ 
tive ages, metallicities, and kinematics, and suggested that those 
groups might correspond to remains of disrupted satellites. 

Arifvanto & Fuchsl (120061) . iDettbarn et al.l (120071) . and 
iKlement et al.l d2008h proposed an alternative projection of the 
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eccentricity and L z space, which according to iDekkePi ( 1976 *) 
theory of Galactic orbits can be approximated by (f/ 2 + 2 V -2 ) 1/2 
and V velocities, respectively (U is pointing towards the Galactic 
center, V into the direction of Galactic rotation). The assump¬ 
tion is that stars in the same stellar stream move on orbits 
that stay close together, which is justified by numerical sim¬ 
ulations of satellite disrupti o ns {H elmi et al. 2006). With this 
method, lArifvanto & Fuchi (120061) identified several known 
streams (Hyades-Pleiades, Hercules, and Arcturus) and one new, 
the so -calle d AF06 stream (late r confirmed by iKlement et al.1 
l2009land bv Klement et a l.ll201 ll) . 


Dettbarn et al. (2007) analysed the phase space distribution 


in a sample of non-kinematically selected low metallicity stars in 
the solar vicinity and determined the orbital parameters of sev¬ 
eral halo streams. One of those streams seemed to have precisely 
the same kine mati cs as the Sagittarius stream. 

iKlement et al.l (120081) searched for stellar streams or mov¬ 
ing groups in the solar neighbourhood, using data provided by 
the first RAVE public data release. They estimated overden¬ 
sities related to the Sirius, Hercules, Arcturus, and Hyades- 
Pleiades moving groups. Besides, they found a new stream can¬ 
didate (KFR08), suggesting that its origin is external to the 
Milky Way’s disc. Th e KF R08 stream la t er was confirmed by 
Kle ment et al.l (120091) and iBobvlev et al.1 (120101) . lAntoia et al.1 
d2012l) also used the RAVE data and discovered a new group at 
(U, V) = (92, -22) km s _1 in the solar neighbourhood. The new 
group was detected as a significant overdensity in the velocity 
distributions using a technique based on the wavelet transform. 

A mechan i sm, k n own as ’ringi n g’ wa s introduced by 
Min chev et al.l (l2009t) . iMinchev et al.l ( 20091) showed that the 
sudden energy kick imparted by the gravitational potential of 
the satellite as it crosses the plane of the disc can strongly per¬ 
turb the velocity field of disc stars located in local volumes 
such as the solar neighbourhood. These perturbations can be 
observed in the (U,V) plane as arc-like features travelling in 
the directi on of positive V (se e Gome z et al.ll2012h . Using this 
technique Min chev et al.l (120091) confirmed presence of several 
known moving groups and predicted four new features at V ~ 
-140, -120, 40, 60 kms -1 . By matching the number and posi¬ 
tions of the observed streams, they estimated that the Milky Way 
disc was strongly perturbed about 1.9 Gyr ago. 

Various studies have been searching for evidence of minor- 
merger events in the Milky Way (see review by IKlement! 
2010 ), Large and dee p chemodynamical surveys such as Gaia 
(iPerrvman et al.ll200ll ) will enable us to characterise the Galaxy 
more precisely and to examine its formation scenarios as well as 
the kinematic stellar group identification methods. 

An indispensable method to check the origin of various kine¬ 
matic streams is the investigation of their chemical composition. 
In this paper, we present the detailed chemical composition of 
stars belonging to Group 1 of the Geneva-Copenhagen survey, 
which was identified bv iHelmi et al . (2006). 

High-resolution spectra of 21 stars in the most metal- 
deficient GCS Group 3 were investigated in Paper I and Paper II. 
Paper III presented results of the analysis of 32 stars in the GCS 
Group 2. Galactic thin-disc stars were analysed for a comparison 
as well. We present the detailed chemical composition results for 
Group 1, the last group of GCS. This kinematic group, which 
is the most numerous and metal-rich among the GCS 


groups, 

il. [2001 


consists of 120 stars. According to the ([Nordstrom et al.l 
catalogue, its mean photometric metallicity, [Fe/H], is about 
-0.45 dex. The Group 1 stars are distributed into two age popu¬ 
lations of 8 Gyr and 12 Gyr. Group 1 also differs from the other 
two groups by different metallicity and kinematics, and tends 


to have a significantly smaller ’-velocity dispersion. We inves¬ 
tigated chemical composition for 37 Group 1 stars, eight com¬ 
parison Galactic thin-disc stars, and five comparison Galactic 
thick-disc stars. We determined abundances of up to 22 chemical 
elements and compared them with the Galactic disc abundance 
pattern. 

In Fig. |U we show the velocity distribution of the Galactic 
disc stars from lHolmberg et~akl (i2009i) . Stars belonging to GCS 
Group 1 are marked with open and filled circles (the latter are 
used to mark stars we investigated). An average error of stellar 
space motions in each component (U, V, and W) is 1.5 kms -1 
((Nord strom et al.ll2004l) . It is clear from Fig. [T] that the distribu¬ 
tion of Group 1 stars in the velocity space differs in comparison 
to other stars of the Galactic disc. For example in the ( U , V) plane 
Group 1 stars are distributed in a banana shape, whereas the thin- 
disc stars define a centrally concentrated clump. These charac¬ 
teristic patterns are the same as those of infalling dwarf satellites 
after several gigayears (see iHelmi et al.ll2006l for a comprehen¬ 
sive discussion). In Fig. [2] the stars are shown in the APL-space. 
Kinematic group stars spread out in the edge of the distribution 
of data points. The location of a star in the APL space is very 
accurate. A limited knowledge of the form of the Galactic poten¬ 
tial, used to determine values of apocentre and pericentre, does 
not affect the distribution of points in the APL space much be¬ 
cause the volume probed by the GCS sample is so small that the 
Galactic potential is close to a constant inside this region (c.f. 
IHelmi et~aPl2006l) . This implies that the energy, and hence the 
orbital parameters or the location of a star in the APL space, 
are determined mostly by its kinematics rather than by its spa¬ 
tial location (or the Galactic potential). Changes in the Galactic 
potential produce onlyjtmall variations in the orbital parameters. 
Accordin g to Helmi et al.l (20061) . in the case of the potential pro¬ 
posed by FlynnetaLl dl996b, which was used for the orbit inte¬ 
grations in [Nordstrom et all (2004) and the following papers, a 
typical change in the apocentre and pericentre is of about 1-2 %. 

Despite the fact that the kinematic group members, over 
time, were dispersed through the Galactic disc, their chemi¬ 
cal composition should remain unchanged. The high-resolution 
spectroscopic analysis is an important supplemental method in 
revealing and confirming the origin and history of the GCS stel¬ 
lar groups. 


2. Observations and analysis 

We obtained high-resolution spectra of the programme and 
comparison stars with the Fibre-fed Echelle Spectrograph on 
the Nordic Optical 2.5 m telescope (NOT) during 2008, 
2011, and 2012. This spectrograph gives spectra of resolv¬ 
ing power (R ~ 68 000) in the wavelength range of 3680- 
7270 A. We exposed the spectra to reach a signal-to-noise ra¬ 
tio higher than 100. We elected the programme stars so that 
they were observable from the NOT and were brighter than 
V — 10 mag. Reductions of CCD images were made with the 
FIES pipeline FIES tool, which performs a complete reduction: 
calculation of reference frame, bias and scattering subtraction, 
flat-field division, wavelength calibration and other procedures 
(http://www.not.iac.es/instruments/fies/fiestool). A list of the ob¬ 
served st ars and some of their parameters (taken from the cata¬ 
logue of Holmberg et al.ll2009l and SIMBAD) are presented in 
Table [Q 

We analysed the spectra using the differential model at¬ 
mosphere technique described in Papers I, II, and III. Here 
we will revisit only a few details. The Eqwidth and BSYN 
program packages, developed at the Uppsala Astronomical 
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U ( km s ! ) U (km s ') W (km s ') 

Fig. 1. Velocity distribution for all stars in the sample of iHolmberg et al . (1200 9) (plus signs), stars of Group 1 (circles), and the stars 
investigated here (filled circles). 



L (kpc km s ) 


peri (kpc) 


Fig. 2. DisUibution for the stars in the APL space. Plus signs denote the GCS sample dHolmberg et al.l2009l) . circles denote Group 1, 
the filled circles are the stars we investigated. Note that these stars as well as all Group 1 stars are distributed in APL space with 
constant eccentricity. 


Observatory, were used to carry out the calculation of abun¬ 
dances from measured equivalent widths and synthetic spectra, 
respectively. A set of plane -parallel, line-blanketed , constant- 
flux LTE model atmospheres (IGustafsson et al.l2008l) were taken 
from the MARCS stellar model atmosphere and flux library 
(http://marcs.astto.uu.se/). 

We used the Vienna Atomic Line Data Base (VALD, 
iPiskunov et al.llT995b to prepare input data for the calculations. 
We took the atomic oscillator strengths for the main spectral 
lines we analysed from an inverse solar spectrum analysis per¬ 
formed in Kiev (iGurtovenko & Kostvkill989l) . 

Initial values of the effective temperatures for the programme 
stars were taken from lHolmberg et aL ( 2009 ) and then carefully 
checked and corrected, if needed, by forcing Fe i lines to yield 
no dependency of iron abundance on excitation potential through 
changes to the model effective temperature. We used the ioni¬ 
sation equilibrium method to find surface gravities of the pro¬ 
gramme stars by forcing neutral and ionised iron lines to yield 
the same iron abundances. Microturbulence velocity values cor¬ 


responding to the minimal line-to-line Fe i abundance scattering 
were chosen as correct values. We performed the spectral syn¬ 
thesis method for the determination of oxygen, yttrium, zirco¬ 
nium, barium, lanthanum, cerium, praseodymium, neodymium, 
samarium, and europium abundances. Several fits of the syn¬ 
thetic line profiles to the observed spectra are shown in Figs. [5]- 
[8] We complied atomic parameters of lines in the intervals of 
spectral syntheses from the VALD database. We calibrated all 
log gf values to fit to t he solar spectrum by KuruczJ (|2005) with 
solar abundances from lGrevesse & Sau val ( 200()|) - We took hy- 
perfine structures and isotope shifts into account as appropriate. 
Abundances of other chemical elements were determined us¬ 
ing equivalent widths of their lines. We determined abundances 
of Na and Mg taking non-local thermodynamical equilibrium 
(NLTE) into account. The equivalent widths of the lines were 
measured by fitting of a Gaussian profile using the 4A software 
package dllvinll2000h . 

The uncertainties in abundances are due to several sources: 
uncertainties caused by analysis of individual lines, including 
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Table 1. Parameters of programme and comparison stars 


Star 

Sp. type 

Age 

H09* 

Age 

CM* 

mag 

d 

pc 

U 

km s -1 

V 

km s -1 

W 

km s 1 

e 

£max 

kpc 

^peri 

kpc 

^apo 

kpc 

Group 1 stars 

HD 3795 

K0V 

10.6 

9.9 

3.84 

29 

-48 

-90 

42 

0.37 

1.07 

3.80 

8.19 

HD 4607 

F5 

4.2 

3.5 

3.08 

85 

-108 

24 

27 

0.31 

0.86 

6.73 

12.79 

HD 15777 

GO 

11 

11.1 

4.28 

50 

-77 

-69 

20 

0.32 

0.50 

4.45 

8.74 

HD 22872 

F9V 

6.2 

5.9 

3.59 

74 

-99 

-49 

-11 

0.32 

0.06 

4.96 

9.57 

HD 25123 

GO 

11 


4.01 

67 

93 

-30 

-9 

0.32 

0.03 

5.38 

10.43 

HD 40040 

GO 

12.4 

11 

4.12 

65 

44 

-70 

-12 

0.31 

0.07 

4.45 

8.53 

HD 49409 

GOV 

11.2 

8.2 

4.30 

53 

110 

-35 

-62 

0.37 

1.53 

5.10 

11.07 

HD 52711 

G4V 

7.9 

5.1 

4.53 

19 

-18 

-78 

-9 

0.30 

0.03 

4.30 

8.03 

HD 60779 

GO 

6.8 

5.3 

4.38 

36 

-126 

-57 

-14 

0.40 

0.11 

4.40 

10.23 

HD 67088 

G5 

13.7 


4.63 

67 

95 

-20 

-7 

0.31 

0.05 

5.67 

10.86 

HD 67587 

F8 

4.7 

3.9 

3.29 

47 

74 

-56 

0 

0.32 

0.12 

4.77 

9.28 

HD 76095 

G5V 

5.5 

5.3 

3.28 

49 

2 

-108 

8 

0.44 

0.25 

3.12 

8.05 

HD 77408 

F6IV 

3.7 

4.3 

3.52 

50 

-120 

-10 

-27 

0.32 

0.40 

5.86 

11.42 

HD 78558 

GO 

11.6 

10.9 

4.44 

37 

-69 

-74 

-65 

0.32 

1.24 

4.43 

8.59 

HD 88371 

G2V 

13.2 

9.4 

4.55 

59 

-135 

-22 

9 

0.37 

0.31 

5.34 

11.56 

HD 88446 

F8 

7.3 

7.8 

3.77 

67 

-42 

-98 

4 

0.41 

0.17 

3.45 

8.16 

HD 90508 

G1V 

10.4 

7.4 

4.63 

23 

21 

-92 

22 

0.37 

0.51 

3.72 

8.14 

HD 109498 

G3V 

10.4 


4.53 

69 

59 

-46 

-46 

0.26 

0.79 

5.32 

9.03 

HD 111367 

G1V 

9.5 

8.5 

4.11 

86 

-69 

-73 

-45 

0.33 

0.76 

4.34 

8.53 

HD 135694 

K0 

12.8 

6.7 

4.82 

71 

-36 

-98 

-39 

0.40 

0.57 

3.50 

8.10 

HD 138750 

F8 

3.3 

3.2 

2.60 

116 

-72 

-105 

-16 

0.46 

0.18 

3.07 

8.37 

HD 140209 

GO 

10.4 

9.6 

4.03 

71 

-73 

-63 

-29 

0.30 

0.37 

4.62 

8.62 

HD 149105 

GOV 

6 

5.8 

3.37 

53 

49 

-71 

-10 

0.32 

0.06 

4.35 

8.53 

HD 149890 

F8V 

6.8 

6.1 

4.15 

39 

60 

-61 

-29 

0.31 

0.38 

4.69 

8.82 

HD 156617 

G5 

9.3 

9.1 

3.92 

66 

-102 

-39 

0 

0.30 

0.11 

5.18 

9.68 

HD 156893 

G5 

8.9 

8.5 

3.74 

77 

-97 

-65 

56 

0.35 

1.60 

4.47 

9.19 

HD 157214 

GOV 

13.9 

8.1 

4.60 

14 

25 

-81 

-64 

0.32 

1.33 

4.21 

8.17 

BD +40 3374 

K1 


6.4 

6.43 

49 

-109 

-49 

-58 

0.34 

1.15 

4.88 

9.88 

HD 171009 

G5 

11.7 

6.7 

4.24 

66 

-68 

-66 

29 

0.30 

0.68 

4.59 

8.53 

HD 171242 

GO 

9.2 

8.5 

4.02 

62 

103 

-37 

-2 

0.35 

0.10 

5.03 

10.55 

HD 178478 

G5 

15.8 


4.90 

47 

-86 

-70 

-12 

0.35 

0.08 

4.26 

8.86 

HD 188326 

G8IV 


8.7 

3.83 

56 

-91 

-56 

48 

0.31 

1.24 

4.87 

9.24 

HD 206373 

GOV 

5.5 

5.6 

3.19 

104 

-37 

-95 

0 

0.39 

0.11 

3.56 

8.08 

HD 210483 

G1V 

9.3 

6.6 

4.03 

51 

-77 

-80 

-17 

0.37 

0.15 

3.96 

8.63 

HD 211476 

G2V 

7.1 

6.7 

4.59 

31 

-115 

-35 

-46 

0.33 

0.87 

5.23 

10.39 

HD 217511 

F5 

2 

2.1 

2.23 

122 

-84 

-55 

-4 

0.30 

0.08 

4.84 

9.01 

HD 219175 

F9V 

3.5 

2.9 

4.61 

39 

-92 

-55 

-14 

0.31 

0.10 

4.79 

9.19 

Thin-disc stars 

HD 115383 

GOV 

4.3 

5.1 

3.97 

18 

-38 

2 

-18 

0.09 

0.18 

7.54 

8.99 

HD 127334 

G5V 

10.5 

10.7 

4.51 

24 

30 

-4 

-2 

0.12 

0.08 

7.14 

9.10 

HD 136064 

F9IV 

3 

3.7 

3.12 

25 

62 

-29 

-24 

0.23 

0.29 

5.83 

9.37 

HD 163989 

F6IV 

2.2 

2.5 

2.51 

32 

-29 

-27 

-22 

0.10 

0.22 

6.64 

8.16 

HD 187013 

F7V 

2.8 


3.34 

22 

38 

-8 

-25 

0.14 

0.28 

6.88 

9.20 

HD 187691 

F8V 

3.3 

3.1 

3.71 

19 

-3 

-3 

-25 

0.03 

0.27 

7.88 

8.28 

HD 200790 

F8V 

2.2 

2.6 

2.51 

49 

19 

-37 

10 

0.15 

0.27 

6.03 

8.21 

HD 220117 

F5V 

1.8 

1.6 

2.66 

42 

-15 

-21 

-16 

0.07 

0.12 

7.03 

8.02 

Thick-disc stars 

HD 150433 

GO 

13.8 

7.1 

4.86 

30 

-8 

-58 

-46 

0.21 

0.73 

5.21 

7.97 

HD 181047 

G8V 

13.9 

10.2 

4.96 

47 

-99 

-43 

-17 

0.30 

0.15 

5.12 

9.57 

HD 186411 

GO 

6 


3.36 

88 

-64 

-56 

-6 

0.26 

0.02 

4.96 

8.52 

HD 195019 

G3IV-V 

9.7 

8.6 

3.96 

39 

-73 

-76 

-39 

0.34 

0.61 

4.18 

8.57 

HD 198300 

GO 

10.3 

7.1 

4.89 

53 

81 

-20 

-24 

0.28 

0.28 

5.84 

10.26 


Notes. * H09 - ages taken from lHolmberg et till {2009), Cl 1 - from lCasagrande et~akl d201lh . 


random errors of atomic data and continuum placement and un¬ 
certainties in the stellar parameters. The sensitivity of the abun¬ 
dance estimates to changes in the atmospheric parameters by the 
assumed errors A[E1/H [J are illustrated for the star HD 52711 
(Table Q. Clearly, possible parameter errors do not affect the 


1 We use the customary spectroscopic notation [X/Y] = 
log 10 (Nx/jVY) star log 10 (V x /A Y ) o . 


abundances seriously; the element-to-iron ratios, which we use 
in our discussion, are even less sensitive. 

The scatter of the deduced abundances from different spec¬ 
tral lines cr gives an estimate of the uncertainty due to the ran¬ 
dom errors. The mean value of cr is 0.04 dex, thus the uncer¬ 
tainties in the derived abundances that are the result of random 
errors amount to approximately this value. 
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Fig. 6. NOT-FIES spectra of Group 1 stars HD 149890 and HD 88446. These two spectra are over-plotted to see the difference in 
spectral lines of elements produced in s-process, while lines of other chemical elements are similar. 



Fig. 3. Synthetic spectrum fit to the forbidden [O i] line at 6300.3 
A in the observed spectrum of HD 157214 (left panel) and to the 
barium line at 5853 A in the observed spectrum of HD 52711. 
The observed spectra are shown by solid lines with dots. The 
dark grey solid lines are synthetic spectra with [O/Fe] = 0.42 ± 
0.1 and with [Ba/Fe] = -0.08 + 0.1, respectively. 



Fig. 4. Synthetic spectrum fit to the praseodymium line at 
5323 A in the observed spectrum of HD 3795 (left panel) and 
to the samarium line at 4467 A in the observed spectrum 
of HD 22872. The observed spectra are shown by solid lines 
with dots. The dark grey solid lines are synthetic spectra with 
[Pr/Fe] = 0.54 ± 0.1 and [Sm/Fe] = 0.01 ± 0.1, respectively. 


Effective te mperatures for al l stars inve stigated here are 
also a v ailable in Holmberg et al.1 (120091) and ICasagrande et al.1 
(1201 ll) . ICa saerande et al.1 (1201 ll) provided astrophysical param¬ 
eters for the Geneva-Copenhagen survey by applying the in¬ 
frared flux method to determine the effective temperature. In 
comparison to IHo lmberg e t al.1 (120091, stars in the catalogue of 
ICasagrande et al!) rt20n ) are on average 100 K hotter. For the 
stars investigated here, our spectroscopic^ temperatures are on 
average only 40 ± 70 K hotter than in Holmberge^ak (1 20091) 
and 40 + 90 K cooler than in ICasagrande et al.1 (120 l lll . The 
[Fe/H] values for all of the stars we inves tigated are avail¬ 
able in Holmb erg et al.1 (120091) as well as in [C asagrand e et al.l 
(1201 lh . A comparison between IHolmberg et al.1 (120091) and 
Casagran de et al.1 (1201 ll) shows that the latter gives [Fe/H] val¬ 
ues that are more metal-rich on average by 0.1 dex. For our 
programme stars we obtain a d i fferen ce of 0.1 + 0.1 dex in 
comparison with IHolmberg et al.l ( 2009 ) and we obtain no sys¬ 
tematic difference, but a scatter of 0.1 dex, in comparison with 
ICasagrande et al.l (1201 ll ). The same result was found in compar¬ 
ing the ajmospheric parameters determined for Group 3 stars in 
our lPanerU and for Group 2 in lPaper fTl 


Some stars from our sample were previously investigated by 
oth er authors. In Table [3] we present a comparis on with results 
by iBensbv et al] (12014 ) and iReddv et alJ (120061) . who investi¬ 
gated several stars in common with our work. Eight thin-disc 
stars that we investigated for a comparison have been analysed 
previously bv lEdvardsson et ah] il993l) . Slight differences in the 
log g values lie within the errors of uncertainties and are caused 
mainly by differences in the applied determination methods. We 
see that titanium and zirconium abundances determined using 
both neutral and ionised lines agree well and confirm the log g 
values determined using iron lines. Overall, our [El/Fe] for the 
stars in common agree very well with those in other studies. 


3. Results and discussion 

The atmospheric parameters, T e g, log g, v t , [Fe/H] and the abun¬ 
dances of 21 chemical elements relative to iron [El/Fe] of the 
programme and comparison stars are presented in Tables 4 and 
5. The number of lines and the line-to-line scatter (cr) are pre¬ 
sented as well. 

The results are graphically displayed in Figs. |7] and [8] We 
display elemental abundance ratios of Group 1 stars together 
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Fig. 7. [El/Fe] ratio as a function of |Fe/H] for Group 1 stars (filled circles) investigated here and for comparison thin-disc stars 
analysed in this work. Paper IL and [Paper IIIl (open circles). The data for the Milky Way thin-disc dwarfs taken frornother studies 
are shown as a grey dots. Solid lines are Galactic thin-disc chemical evolution models presented bv lPagel & Tautvaisiene 1 (1995). 
Average uncertainties are shown in the box for Na. 
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[Fe/H] 

Fig. 8. [El/Fe] ratio as a function of [Fe/H] for Group 1 stars (filled circles) investigated here and for comparison thin-disc stars 
analysed in this work. Paper III and [Paper Till (open circles). The s-process enhanced star (HD 88446) is marked as an asterisk. Grey 
dots correspond to the data for the Milky Way thin-disc dwarfs taken from other studies. The Galactic thin-disc chemical evolution 
model is shown as a solid line dPagel & Tautvaisiene 1119971) . Average uncertainties are shown in the box for Zr. 


with data of thin-disc stars investigated here and in Papers I, 
II, and III, as well as with results taken from other thin- 


disc st udies (Edvardsson et al.l 1993b Gratton & Snedenl 
1994 K och & Edvardssonl 2002b iBensbvetalJ 2005b 


Redd y et al. 12006b Zhang & Zhaol 120 06b iBre wer & Ca rney 
2006; Mashonkinaet alJ ~ 2007b and Mishenina et alJ 2013 ). 


The chemical evolution models of the thin-disc were taken 
from Pagel_&Tautyai|iene J 19951 1 9971). The th in-disc stars 
from Edvardss on et alJ ( 1993 ) and IZhang & Zhaol (l2006h were 
selected using the membership probability evaluation method 
described by [Trevisan et al] (1201 ll) . since their lists contained 
stars of other Galactic components as well. The same kine- 
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Fig. 5. Synthetic spectrum fit to the europium lines at 4129 A 
and 6645 A. The observed spectrum for the programme star 
HD 149105 is shown as a solid line with dots. The dark grey 
solid lines are synthetic spectra with [Eu/Fe] = 0.04 + 0.1 and 
[Eu/Fe] = 0.11 ±0.1 for these two lines, respectively. 


Table 2. Effects on derived abundances resulting from 
model changes for the star HD 52711. 


Ion 

A7W 
+ 100 K 

A log# 
+0.3 

Av t 

+0.3 km s 1 

Total 

[Oi] 

0.03 

0.13 

0.01 

0.13 

Nai 

0.05 

-0.02 

- 0.01 

0.05 

Mg 1 

0.05 

-0.02 

-0.03 

0.06 

Air 

0.04 

0.00 

0.00 

0.04 

Sir 

0.03 

0.01 

-0.01 

0.03 

Car 

0.07 

-0.01 

-0.02 

0.07 

Sen 

-0.00 

0.11 

-0.04 

0.12 

Tii 

0.09 

0.00 

-0.01 

0.09 

Tin 

0.01 

0.12 

-0.05 

0.13 

Vi 

0.11 

-0.00 

-0.01 

0.11 

Cri 

0.08 

-0.02 

-0.06 

0.10 

Crn 

-0.03 

0.10 

-0.09 

0.14 

Fei 

0.07 

-0.02 

-0.07 

0.10 

Fen 

-0.02 

0.11 

-0.07 

0.13 

Co 1 

0.08 

0.01 

-0.01 

0.08 

Nil 

0.06 

-0.00 

-0.04 

0.07 

Y 11 

0.02 

0.10 

-0.12 

0.16 

Zri 

0.11 

0.01 

0.01 

0.11 

Zrn 

0.02 

0.13 

0.01 

0.13 

Ban 

0.06 

0.08 

-0.18 

0.21 

La 11 

0.03 

0.12 

0.01 

0.12 

Cen 

0.03 

0.11 

0.01 

0.11 

Pru 

0.02 

0.12 

0.01 

0.12 

Nd 11 

0.03 

0.12 

-0.01 

0.12 

Smn 

0.04 

0.11 

-0.01 

0.12 

Euii 

0.03 

0.12 

0.01 

0.12 


Notes. The table entries show the effects on the logarithmic abundances 
relative to hydrogen, A[E1/H], 


m afic approach in ass ignin g thin-disc member ship was used 
in iBenshv et al.1 (120051) and IReddv et alJ d 20061) . which means 
that the thin-disc stars used for comparison are uniform in that 
respect. 

One star in Group 1 is rich in elements predominantly pro¬ 
duced in s-process. As shown in Table 5 and Figs. [6] and [8] 
HD 88446 has much stronger lines of elements predomi¬ 
nantly produced in s-process and consequently much higher 
abundances of the s e elem ents. According to the definition of 
iBeers & Christliebl (120051) . HD 88446, with its [Ba/Fe] = 1.04 


Table 3. Comparison with previous studies. 


Quantity 

Ours-B14 

Ours -R06 

Ours-E93 

Teff 

-31 ±48 

74 ±51 

-12 ±65 

logg 

-0.18 ±0.10 

-0.16 ±0.15 

-0.28 ± 0.24 

[Fe/H] 

0.04 ± 0.05 

0.09 ± 0.06 

0.15 ±0.06 

[Na/Fe] 

-0.01 ±0.03 

-0.05 ± 0.05 

-0.05 ± 0.07 

[Mg/Fe] 

0.05 ± 0.08 

-0.07 ± 0.05 

0.06 ±0.11 

[Al/Fe] 

0.00 ± 0.06 

-0.02 ± 0.06 

-0.11 ±0.05 

[Si/Fe] 

0.01 ±0.03 

-0.03 ± 0.03 

-0.02 ± 0.03 

[Ca/Fe] 

0.02 ± 0.03 

0.04 ± 0.02 

0.03 ± 0.05 

[Sc/Fe] 


0.01 ± 0.07 


[Ti/Fe] 

0.02 ± 0.04 

0.06 ± 0.04 

-0.04 ± 0.06 

[V/Fe] 


0.03 ± 0.05 


[Cr/Fe] 

0.01 ±0.02 

0.02 ± 0.03 


[Co/Fe] 


-0.01 ± 0.04 


[Ni/Fe] 

0.00 ± 0.03 

-0.02 ± 0.02 

-0.12 ±0.05 

[Y/Fe] 

-0.05 ± 0.06 

-0.10 ±0.09 

-0.12 ±0.09 

[Ba/Fe] 

-0.02 ±0.14 

0.06 ±0.13 

-0.06 ±0.18 

[Ce/Fe] 


0.01 ±0.15 


[Nd/Fe] 


-0.06 ±0.10 


[Eu/Fe] 


-0.02 ±0.11 



Notes. Mean differences and standard deviations of the main param¬ 
eters and abundance rat ios [ El/Fel for 13 stars of Group 1 in com¬ 
mon withjBensbyetal d2014L B14), 7 stars of Group 1 in common 


witlyRedd^f+al 


Edvardsson et al 


2006, R06), and 8 thin-disc stars in common with 


(2006 

< fl99i 


E93). 


and [Ba/Eu] = 0.70, falls in the category of the s-process-rich 
stars. 

The metallicity of Group 1 stars we investigated lie in a 
broad interval of 0.04 > [Fe/H] > -0.57 with the average [Fe/H] 
equal to -0.20 ± 0.14 dex. Abundances of chemical elements 
are rather homogeneous and show similar overabundances of a- 
elements and r-process-dominated chemical elements with re¬ 
spect to thin-disc stars, as we also found for the stars of GCS 
Group 2 and 3. This elemental abundance pattern has similar 
characteristics with that in the Galactic thick-disc. 


3.1. Comparison with the thick-disc 


In Table [6] we present a comparison of mean [El/Fe] ratios 
calculated for stars of Group 1 and thick-disc stars at the 
same metallicity interval -0.57 < [Fe/H] < 0.04. Twenty-six 
thick-disc sta r s in th is metallicity interval wer e inves tigated by 
Bens bv et alJ ( 20051), 37 star s by IReddv et aD ( 2006 1), 10 stars 
by Mashonkina et ail (120071). 51 stars by Stanford & Lambert! 
(2012), and 7 stars bvlMishenina et all (1 201 3l) . When compar¬ 


in g oxygen abundanc es, we did not use the results reported 
bv lReddv et al.l (120061) and I Stanford & Lambert! (1201 2l) because 
the y investigated the Oi line , whil e we studied [Oil . The s tudies 
by iMashonkina et al.l (120071) and iMishenina et all (1 201 3l) were 
included in the comparison to enlarge the information on neutron 
capture elements. The average values of a-element abundances 
included Mg, Si, and Ca. Titanium was excluded because this el¬ 
ement was not determined in one of the studies (Mish enina et al.l 
120131 ) . The comparison shows that the deviations do not exceed 
the uncertainties. 

Fig. [9] displays the comparison of [El/Fe] ratios for some 
chemical elements between individual stars in Groups 1, 2, and 
3 and the thick-disc stars of the above-mentioned studies. For 
comparison, we selected oxygen, the averaged values for the a- 
elements Mg, Si, and Ca, and the s- and r-process-dominated 
elements barium and europium. Stars of the kinematic groups 
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Table 6. Comparison with thick-disc studies. 


[El/Fe] 

Ours- 

B14 

Ours— 

R06 

Ours- 

Ma07 

Ours— 

S12 

Ours- 

Mil3 

[O/Fe] 

-0.02 




0.08 

[Na/Fe] 

-0.02 

-0.06 


-0.02 


[Mg/Fe] 

-0.03 

-0.06 


-0.01 

-0.03 

[Al/Fe] 

-0.07 

-0.12 


-0.07 


[Si/Fe] 

-0.04 

-0.10 


-0.10 

-0.06 

[Ca/Fe] 

0.01 

-0.02 


-0.02 

-0.04 

[Sc/Fe] 


-0.06 


-0.11 


[Ti/Fe] 

-0.05 

-0.04 


-0.01 


[V/Fe] 


-0.06 


-0.04 


[Cr/Fe] 

0.01 

0.03 


-0.05 


[Co/Fe] 


-0.06 


-0.05 


[Ni/Fe] 

-0.03 

-0.05 


-0.02 

-0.05 

[Y/Fe] 

-0.09 

-0.08 

-0.13 

-0.11 

-0.11 

[Zr/Fe] 



-0.07 


0.02 

[Ba/Fe] 

0.05 

0.12 

0.11 

0.07 

0.06 

[La/Fe] 





0.10 

[Ce/Fe] 


-0.07 

-0.06 

-0.08 

0.02 

[Nd/Fe] 


-0.09 


-0.06 

-0.05 

[Sm/Fe] 





0.02 

[Eu/Fe] 


-0.14 


-0.17 

-0.06 


Notes. Differences of mean [El/Fe] values for stars of Group 1 and 
thick-disc stars at the same metallicit y int erval -0.57 < [Fe/H] 
< 0. 04. Sixty-thr ee stars from IBensbv et al . 12014 B14), 37 stars 
from iReddv et all j2006L R06), lOstars from iMashonki na et alj <120071 . 
Ma0 7), 51 stars from Istanford & Lambertl 120121 S12). and 10 stars 
from lMishenina et all 12013L Mil3). 


and of the thick disc have very similar chemical compositions. 
We have observed and analysed several thick-disc stars as well. 
Their elemental abundance ratios are also plotted in Fig. [9] and 
agree well with results of the programme stars. Thus, the chem¬ 
ical composition of all three GCS kinematic groups is similar 
to the thick-disc stars, which might suggest that their formation 
histories are linked. 


3.2. Age 

According to iHelmi et~aD (i2006i) . the stars in Group 1 fall 
into two age populations: 33% of the stars are 8 Gyr old, 
an d 67% are 12 Gyr old . The ages were later r e determ ined 
by iHolmberg et al.1 (120091) and ICasagrande et alJ (1201 111 and 
agree with each other within uncertainties (we present them in 
Table 1). IHolmberg et al.l ( 2009 1 present upper and lower age 
limits for every star. The average lower and upper limit is 10 and 
14 Gyr for stars of the 12 Gyr age population, 7 and 10 Gyr 
for the 8 Gyr population, and 4 and 5 Gyr for the younger 
stars, respectively. Fig. [TO] shows the Group 1 stars investigated 
here with our spectroscopic effective temperatures and abso¬ 
lute magnitudes M v , taken from iHolmberg et al.l ( 200 c i) . in a 
Hertzsprung-Russell (HR) diagram. The isochrones were taken 
from IBressan et all (120121) . The overall features of stars in the 
diagrams are well reproduced by isochrones of the two indicated 
ages. The more metal-abundant stars fit the 8 Gyr isochrone quite 
well, while more metal-deficient stars fit the 12 Gyr isochrone 
(for metal-deficient stars, the isochrones are with [a/Fe ]= 0.2). 
A subgroup of ten stars in our sample are younger (2 Gyr < 
age < 5 Gyr) and in the HR diagram lie higher than the turnoff 
luminosity of the 8 Gyr isochrone. The number of stars younger 
than 5 Gyr among 120 stars in Group 1 is 18 (according to ages 
determined bv IHolmberg et al.l 120091) . A subgroup of about 15 



Fig. 10. HR diagrams of the Group 1 stars. Isochrones are taken 
from IBressan et al.l (120121) . The isochrones for metal-deficient 
stars are with [a/Fe ]= 0.2. The open circles represent the 
younger stars with ages of 2-5 Gyr. 


young main-sequence stars can be separated among 86 Group 2 
stars as well (Paper III). The chemical composition pattern of 
the young stars we investigated is similar to the rest of the GCS 
kinematic group stars of the same metallicity. 


3.3. Comparison with kinematic streams 

In this subsection, we discuss the GCS kinematic groups in 
the context of three other Galactic kinematic substructures 
of similar metallicities. Our attention was attracted by the 
Hercules stream. Stars of this kinematic stream have a simi- 
lar range of metallic i ties and ages to those in th e GCS groups 
(Bobylev & B aikoval 120071: lAntoia et~akl 120081 : IBensbv et al. 
12007, 20141) . The Hercules stream was first identified by[Eggen 
( 19581) as a group of 22 stars with velocities similar to the high 
velocity star Herculis (HD 150680). It is believed that the 
Hercules stream is a result of resonant interactions between stars 
in the outer disc and the Galactic bar. This stellar stream is a 
heterogeneous group of objects from the thin and thick discs 
dDehnen 2000|: Fux | 2001b Quillen 2003 : iFamaev et ak 2005; 
Soubiran & Girard 2005j: iPakhomov et all 201 it Antoia et al.1 


2014t Bensbv et ail 201 


Th e origin of th e Arcturus stre am has been deba t ed for 
years (lEggen 119711 1996, 1998; lArifvanto & Fuchs] 120061 : 

>0021 h 


iGilmore et alJl2002TiWvse et al.i 12006TBensbv et al. 2014 , and 

references therein). Stars of the Arcturus stream were identi¬ 
fied by Gilmore et al. (2002), and later Wyse et al. (2006), as a 
group of stars lagging behind the local standard of rest (LSR) 
by about 100 kms' 1 . This stream was associated with a dis¬ 
rupted _satellite that merged with the Milky Way 10-12 Gyr 
ago. lNavarro et alJ (|2004|) suggested that these stars are the same 
group of stars that lEggen] (1 971 ) associated with the bright star 
Arcturus, whose Galactic orbital velocity also lags at the same 
value. [Navarro et al.l ( 2004 9 analysed the group of stars associ¬ 
ated kinematically with Arcturus and confirmed that they consti¬ 
tute a peculiar grouping of metal-poor stars with a similar apoc- 
entric radius, a common angular momentum, and distinct metal 
abundance patterns. These properties are consistent with those 
expected for a group of stars originating from the debris of a dis¬ 
rupted satellite. [Navarro et al.l ( 2004 ) also noticed that the angu- 
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Fig. 9. [El/Fe] ratio as a function of [Fe/H] in the Group 1 stars (green dots) investigated here. Group 2 (blue triangles. Paper III), 
Group 3 (red squares, Papers I and II), and comparison thick-disc stars (purple diamonds). The literature data for the Milky Way 
thick-disc stars are shown as a grey dots. The averaged values for cr-elements consist of Mg, Si, and Ca abundances. 


lar momentum of such a group is too low to arise from dynam- 
ical perturbations induc ed b y the Galactic bar. M ore recently, 
iGardner & Flvnnl (1201 Oh and iMonari et alJ (1201 3h showed that 
the Galactic long bar may produce a kinematic feature in veloc¬ 
ity space with the same parameters as occupied by the Arcturus 
moving group. 

Another so-called AF 06 stellar stream was discovered by 
lArifvanto & Fuchs ( 200 6.) while analysing the fine structure of 
the phase space distribution function of nearby subdwarfs using 
data extracted from various catalogues. According to the discov¬ 
erers, AF06 possibly resembles the Arcturus stream. 

Fig. [TT] presents a Toomre diagram and velocity distributions 
of stars in the GCS kinematic groups and Hercules, Arcturus, 
and AF06 streams. This diagram shows that the kinematics of 
stars in the GCS groups is quite different from the displayed 
streams, and only AF06 partially overlaps the pattern. 

A comparison of [El/Fe] ratios for a-elements between in¬ 
dividual stars in the GCS groups and stars of the Arcturus, 
AF06, and Hercules streams is presented in Fig[T2] The av¬ 
eraged values for a-elements consist of Mg, Si, Ca, and Ti 
abundances. We took the elemental abundan c es for 33 stars of 
the Hercul es stream from Soubiran & Girardl (l2005h and for 35 
stars from iBensbv et alJ ( 20141) . We took the elemental abun¬ 
dances for 18 stars of the Arcturus stream and for 26 stars of 
the AF06 stream from iRamva et alJ (l2012i) . In Fig[12] we also 
show the chemical evolution model of the Galactic thin-disc by 
iPagel & Tautvaisiene 1 (1 995 ) and a simple second-order polyno¬ 
mial fit to the GCS kinematic group stars. 

The element-to-iron ratios in the GCS kinematic stellar 
groups lie higher than in the majority of stars belonging to 
Arcturus, AF06, and Hercules streams. The AF06 group has the 
chemical composition most similar to the GCS stars. In Paper III, 
we pointed out that the Arcturus group has thick-disc kinemat¬ 
ics, but it has seemingly thin-disc abundances. Finally, as noted 
previously, the stars associated with the Hercules stream do not 
have a distinct chemical signature, but show a mixture of abun¬ 


dance s as seen in the thin and thick discs (c.f. Soubiran & Girardl 


2005: Benshv el al.l:2()()7i : 2014:lPakhomov el .il.,'2()l 1l). 


Thus, the presented comparison of kinematic and chemi¬ 
cal composition patterns in the Galactic substructures, leads us 
to the conclusion that the origin of the GCS kinematic stellar 
groups was different from Galactic streams that originated in a 
course of the resonant interactions between stars in the outer disc 
and the Galactic bar. 


3.4. Origin 

A sample of 274 stars was identified as an overdensity in the ec¬ 
centricity range 0.3 < e < 0.5 in the Geneva-Copenhagen survey 
bv iHelmi et alj ( 2006 ). The authors provide statistical evidence 
that these overdensities are real, and that they do not result from 
a poor choice of the comparison model of the Galaxy or un¬ 
certainties of eccentricity determinations. It was found that stars 
with these dynamical characteristics do not constitute a homo¬ 
geneous population. The metallicity distribution of the stars in 
this overdense region of the APF-space varied with eccentricity 
in a discontinuous fashion. This allowed the authors to separate 
these stars into three kinematic groups. These three groups of 
stars are dissimilar not only in their metallicity distribution, but 
they also have different kinematics in the vertical ( z ) direction. 
The Group 1 velocity dispersion has cr z about 28 km s , that of 
Group 2 about 39 km s -1 , and that of Group 3 about 52 km s -1 . 

iHelmi et~ah ( 2014 ) determined the detailed chemical compo¬ 
sition for 36 stars of the GCS Group 1, for 22 stars of Group 2, 
and 14 stars of Group 3 located in the southern hemisphere. 
In this study, they noticed a relatively sharp transition in dy¬ 
namical and chemical properties that occurs at a metallicity of 

[Fe/H]-0.4. In their sample, stars with [Fe/H] > -0.4 have 

mostly lower eccentricities, smaller vertical velocity dispersions, 
are a-enhanced, and define a rather narrow sequence in [a/Fe] 
versus [Fe/H], clearly distinct from that of the thin disc. Stars 
with [Fe/H] < -0.4 have a range of eccentricities, are hotter 
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Fig. 12. [a/Fe] ratio as a function of [Fe/H] in the GCS kinematic group of stars, in the Arcturus stream (green diamonds), in the 
AF06 stream (blue empt y diamonds), and in t he Hercules stream (orange dia monds and crosses) . The d ata f or Arcturus and AF0 6 
streams were taken from iRamva et al.l (1 201 2l) . for the Hercules stream from Soubiran & Girard] (1 20051) and iBensbv et al.l (120141) . 
The averaged values for a-elements consist of Mg, Si, Ca, and Ti abundances. A thin-disc model (continuous line) is taken from 
i Pagel & Tautvaisiene I (119951) . the 2 nd order polynomial fit to the GCS data is shown by the dashed line. 
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Fig. 11. Upper panel: Toomre diagram of stars in GCS kine¬ 
matic groups and Arcturus, AF06, and Hercules streams. Dotted 
lines indicate constant values of total space velocity in steps of 
50 kms -1 . Lower panel: Velocity distribution for stars in the 
same kinematic groups and streams. 


vertically, and depict a larger spread in [a/Fe]. Looking at our 
slightly larger sample of GCS kine matic group stars (Fig. IT3l) 
investigated here, we agree with iHelmi et alJ ( 2014 ) that stars 
with lower metallicities have a wider range of eccentricities 
than those that are more metal-abundant. However, the spread 
of [a/Fe], seems to be about the same at all metallicities (see 
Fig- m and Fig. IT2l) . In Fig. [13] we mark stars of different ages 
with different colours. Practically all stars with [Fe/H] > -0.4 
have ages around 12 Gyr, while the youngest stars are predomi¬ 
nantly metal-abundant. 

Even though, according to the dynamical characteristics, the 
stars of the GCS kinematic groups do not constitute a homo¬ 
geneous population, their similar chemical composition pattern 
indicates that these kinematic groups might share a similar ori¬ 
gin. The similarity in chemical composition of stars in these 
kinematic groups and in the thick-disc of the Galaxy suggests 
that the formation histories of these groups and the thick-disc 
might be linked. This circumstance led us to look for the cur¬ 
rently available thick-disc formation scenario, which allows for 
the presence of stars with GCS kinematic group characteris¬ 
tics. As we pointed out in Papers I, II, and III, the kinematic 
properties of the GCS kinematic groups fit a gas-rich satellite 
merger scenario dBrook et al j|2004 | 2005 : lDierickx et al.ll2010b 
[Wilson et all201 if Di Matteo et alJ201 lh best of all. Within this 
particular scenario, the eccentricities of accreted stars peak at 
about 0.3 < e < 0.5 ( Sales et al. 2009 ). which are exactly the 
characteristics of the GCS groups that we investigated. The gas- 
rich merger_scenario is worth considering since, according to 
iDierickx et all ( 2010 ). it fits the thick-disc star eccentricity dis¬ 
tribution better than the accretion, heating, or migration scenar¬ 
ios. Although it is likely that all of those processes to some ex¬ 
tent acted in the Milky Way, it is not clear which, if any, was the 
dominant mechanism. 

Finally, the numerical simulations of the disruption of a 
satellite galaxy that falls into its parent galaxy shows that the 
satellite debris can end up in several cold star streams with 
roughly the same characteristic eccentricities of their orbits 
(iHelmi et al.ll2006l) . The possibility of such a scheme and the 
similar properties of element-to-iron ratios found in the GCS 
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Fig. 13. Eccentricity and [Fe/H] diagram of the GCS kinematic 
group stars. The red symbols correspond to stars investigated 
here with ages of about 12 Gyr, blue to about 8 Gyr, and green 
to the younger stars in Groups 1, 2, and 3. 


kinematic groups lead to the assumption that the GCS kinematic 
star groups might belong to the same satellite galaxy and might 
have originated in our Galaxy during the same merging event. 


discs are continuing both observationally (e.g. 

Haywood et al. 

2013 

; Kordooatis et al. 2013b: 

Anders et al. 2014 Bensby et al. 

2014 

; Bergemann et al. 2014; 

Mikolaitis et al. 

2014) and the- 

oretically (Micalietal. 2013 

Snaith et al. 2014 Robin et al. 

20ll Kubrvketal. 2014fc Minchev et al. 2014, 

and references 


therein). A model that could reproduce well the present day val¬ 
ues of all of the main global observables of the Milky Way disc 
has not been discovered yet. 


4. Conclusions 

We measured abundances of 22 chemical elements from high- 
resolution spectra in 37 stars belonging to Group 1 of the 
Geneva-Copenhagen survey. This kinematically identified group 
of stars as well as two other GCS kinematic groups was sug¬ 
gested to be a remnant of a disrupted satellite galaxy. Our main 
goal was to investigate the chemical composition of stars within 
Group 1, to compare it with the relative abundance patterns in 
the Galactic thin- and thick-disc stars, in the GCS Group 2 and 
Group 3 stars, as well as in several kinematic streams of similar 
metallicities. 

Our study shows the following: 

1. The metallicities of the investigated stars in Group 1 are in 
the range of 0.04 > [Fe/H] > -0.57. The average [Fe/H] 
value is -0.20 + 0.14 dex. 

2. Investigated Group 1 stars can be separated into three age 
subgroups. Along with the main 8- and 12-Gyr-old popula¬ 
tions, a subgroup of stars younger than 5 Gyr can be sepa¬ 
rated as well. 

3. All programme stars have higher abundances in oxygen, a- 
elements, and r-process-dominated chemical elements than 
Galactic thin-disc dwarfs and the Galactic evolution model. 
The abundances of iron-group chemical elements and ele¬ 
ments produced mainly by the s-process are similar to those 
in the Galactic thin-disc dwarfs of the same metallicity. 


4. The chemical composition and kinematic properties in the 
GCS Group 1, 2, and 3 stars are different from those in stars 
of the Hercules, Arcturus and AF06 streams. 

5. The chemical composition patterns in GCS Groups 1, 2, and 
3 are similar to each other and to the thick-disc stars, which 
might suggest that their formation histories are linked. 

6. The chemical composition together with the kinematic prop¬ 
erties and ages of stars in the investigated GCS Group 1, 2 
and 3 support a gas-rich satellite merger scenario as a possi¬ 
ble origin for these kinematic groups. 
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Table .4. Main atmospheric parameters and elemental abundances of programme and comparison stars. 


Star 

T e ff 

K 

log g V, 

km s -1 

[Fe/H] cr Fe i n Fe i 

& Fell 

n Fe n [O/Fe] [Na/Fe] 

<T 

n 

[Mg/Fe] 

<T 

n 



Group 1 stars 


HD 3795 

5360 

3.7 

1.0 

-0.57 

0.05 

31 

0.04 

6 

0.56 

0.11 

0.02 

4 

0.36 

0.05 

4 

HD 4607 

6200 

3.8 

1.2 

-0.08 

0.05 

25 

0.03 

6 

0.21 

0.00 

0.02 

2 

0.26 

0.00 

3 

HD 15777 

5800 

4.2 

1.0 

-0.33 

0.04 

28 

0.04 

6 

0.42 

0.04 

0.01 

5 

0.27 

0.06 

3 

HD 22872 

5980 

4.0 

1.1 

0.04 

0.05 

34 

0.02 

8 


-0.03 

0.01 

3 

0.07 

0.09 

4 

HD 25123 

5880 

3.9 

1.1 

0.02 

0.04 

37 

0.06 

8 

0.10 

-0.01 

0.01 

5 

0.01 

0.02 

3 

HD 40040 

5740 

4.0 

1.1 

-0.24 

0.05 

37 

0.05 

7 

0.38 

0.08 

0.02 

3 

0.31 

0.06 

4 

HD 49409 

5770 

4.1 

0.9 

-0.23 

0.05 

32 

0.04 

6 


0.01 

0.02 

3 

0.15 

0.05 

4 

HD 52711 

5870 

4.1 

1.0 

-0.08 

0.05 

38 

0.03 

7 

0.11 

-0.05 

0.01 

4 

0.06 

0.05 

4 

HD 60779 

5990 

4.1 

0.9 

-0.10 

0.05 

36 

0.04 

8 

0.10 

0.02 

0.03 

4 

0.04 

0.03 

3 

HD 67088 

5610 

4.0 

0.8 

-0.04 

0.04 

37 

0.03 

7 

0.14 

-0.07 

0.04 

5 

0.07 

0.05 

4 

HD 67587 

6030 

3.8 

1.1 

-0.25 

0.05 

34 

0.05 

8 

0.09 

0.10 

0.03 

4 

0.11 

0.03 

3 

HD 76095 

5720 

4.1 

1.0 

-0.19 

0.04 

35 

0.05 

8 

0.41 

-0.04 

0.01 

4 

0.18 

0.05 

4 

HD 77408 

6340 

4.2 

1.1 

-0.11 

0.04 

25 

0.04 

7 


-0.04 

0.05 

3 

0.21 

0.11 

3 

HD 78558 

5640 

4.0 

0.9 

-0.41 

0.05 

36 

0.04 

7 

0.49 

0.12 

0.06 

5 

0.33 

0.07 

4 

HD 88371 

5630 

4.2 

0.8 

-0.23 

0.04 

38 

0.06 

8 

0.34 

0.01 

0.05 

5 

0.29 

0.06 

4 

HD 88446 

5990 

3.9 

1.2 

-0.39 

0.05 

34 

0.03 

8 


0.03 

0.04 

3 

0.16 

0.04 

3 

HD 90508 

5760 

4.1 

1.0 

-0.26 

0.04 

37 

0.05 

8 

0.31 

-0.02 

0.06 

5 

0.16 

0.01 

4 

HD 109498 

5810 

4.2 

1.0 

-0.11 

0.06 

30 

0.06 

6 

0.09 

0.01 

0.06 

4 

0.09 

0.02 

3 

HD 111367 

5830 

4.0 

1.0 

-0.06 

0.05 

34 

0.05 

8 


-0.03 

0.01 

4 

0.04 

0.05 

3 

HD 135694 

5520 

3.9 

0.9 

-0.23 

0.06 

24 

0.06 

5 


0.07 

0.01 

3 

0.19 

0.09 

2 

HD 138750 

6130 

3.8 

1.1 

-0.18 

0.05 

33 

0.04 

8 


-0.02 

0.00 

3 

0.24 

0.05 

3 

HD 140209 

5710 

4.0 

1.1 

-0.14 

0.05 

28 

0.03 

5 


0.01 

0.05 

5 

0.23 

0.08 

4 

HD 149105 

5930 

3.8 

1.0 

-0.05 

0.04 

30 

0.02 

7 

0.18 

-0.03 

0.04 

3 

-0.03 

0.01 

3 

HD 149890 

6030 

4.0 

1.1 

-0.20 

0.05 

33 

0.03 

6 

0.17 

0.00 

0.04 

3 

0.07 

0.07 

3 

HD 156617 

5780 

3.9 

1.0 

-0.03 

0.04 

33 

0.03 

7 

0.08 

-0.09 

0.05 

5 

0.07 

0.07 

4 

HD 156893 

5300 

3.8 

0.9 

-0.21 

0.04 

36 

0.03 

8 

0.22 

0.02 

0.05 

4 

0.23 

0.07 

4 

HD 157214 

5640 

4.0 

0.8 

-0.36 

0.04 

33 

0.02 

6 

0.42 

0.07 

0.04 

3 

0.32 

0.03 

4 

BD +40 3374 

5050 

4.6 

0.8 

-0.43 

0.05 

31 

0.06 

4 


0.05 

0.05 

3 

0.27 

0.02 

3 

HD 171009 

5840 

4.0 

1.0 

-0.35 

0.04 

32 

0.04 

6 


-0.01 

0.04 

3 

0.19 

0.04 

3 

HD 171242 

5920 

3.8 

0.9 

-0.22 

0.06 

22 

0.05 

6 

0.22 

0.05 

0.01 

3 

0.21 

0.04 

3 

HD 178478 

5550 

3.6 

1.0 

-0.50 

0.03 

24 

0.04 

5 

0.40 

0.11 

0.02 

3 

0.35 

0.04 

4 

HD 188326 

5310 

3.8 

0.9 

-0.18 

0.05 

35 

0.04 

6 

0.21 

0.05 

0.06 

3 

0.22 

0.05 

4 

HD 206373 

5900 

3.8 

1.1 

-0.16 

0.04 

26 

0.02 

5 

0.15 

0.06 

0.03 

3 

0.09 

0.08 

4 

HD 210483 

5850 

4.0 

0.9 

-0.04 

0.04 

29 

0.06 

4 


-0.04 

0.05 

5 

0.06 

0.10 

4 

HD 211476 

5840 

4.2 

0.9 

-0.10 

0.05 

32 

0.03 

7 


-0.03 

0.02 

3 

0.01 

0.03 

4 

HD 217511 

6460 

3.7 

1.4 

-0.12 

0.03 

20 

0.05 

6 

0.30 

0.06 

0.03 

2 




HD 219175 

6050 

4.2 

0.9 

-0.24 

0.05 

30 

0.03 

5 


-0.04 

0.04 

5 

0.05 

0.04 

4 

Thin-disc stars 

HD 115383 

6090 

4.0 

1.2 

0.20 

0.05 

29 

0.05 

8 

0.02 

0.00 

0.01 

4 

0.08 

0.07 

3 

HD 127334 

5610 

4.0 

0.8 

0.24 

0.05 

33 

0.07 

7 

-0.15 

0.01 

0.06 

5 

0.08 

0.11 

4 

HD 136064 

6090 

3.9 

1.1 

0.05 

0.06 

30 

0.04 

7 


0.02 

0.03 

3 

0.16 

0.14 

2 

HD 163989 

6240 

3.7 

1.3 

0.06 

0.04 

30 

0.03 

8 

0.16 

0.04 

0.07 

3 

0.24 

0.14 

3 

HD 187013 

6290 

3.6 

1.3 

0.00 

0.05 

22 

0.04 

7 


0.01 

0.04 

3 

0.27 

0.01 

2 

HD 187691 

6140 

3.9 

1.2 

0.20 

0.05 

35 

0.05 

8 

0.02 

0.01 

0.02 

5 

0.22 

0.09 

3 

HD 200790 

6190 

3.9 

1.3 

0.08 

0.04 

32 

0.02 

8 


0.05 

0.05 

3 

0.32 

0.09 

2 

HD 220117 

6480 

3.4 

1.2 

0.22 

0.04 

23 

0.04 

6 








Thick-disc stars 

HD 150433 

5650 

4.2 

0.9 

-0.34 

0.05 

37 

0.05 

7 


0.07 

0.01 

3 

0.31 

0.04 

4 

HD 181047 

5550 

4.2 

0.8 

0.01 

0.05 

35 

0.04 

6 


-0.02 

0.02 

5 

0.06 

0.05 

3 

HD 186411 

5860 

3.7 

1.2 

0.11 

0.05 

34 

0.03 

8 

0.00 

0.00 

0.01 

5 

0.16 

0.05 

3 

HD 195019 

5750 

4.0 

0.9 

0.11 

0.03 

37 

0.04 

8 

0.10 

-0.10 

0.01 

5 

0.07 

0.08 

4 

HD 198300 

5830 

4.1 

0.9 

-0.44 

0.04 

38 

0.04 

8 


-0.03 

0.03 

3 

0.11 

0.05 

4 


Star 

[Al/Fe] 

<x 

n 

[Si/Fe] 

cr 

n 

[Ca/Fe] 

cr 

n 

[Sc/Fe] 

cr 

n 

[Tii/Fe] 

cr 

n 

Group 1 stars 
















HD 3795 

0.38 

0.03 

3 

0.20 

0.05 

16 

0.25 

0.05 

7 

0.16 

0.04 

10 

0.28 

0.05 

15 

HD 4607 

0.03 


1 

0.06 

0.06 

8 

0.11 

0.06 

6 

0.02 

0.06 

6 

0.10 

0.05 

8 

HD 15777 

0.20 

0.05 

2 

0.18 

0.05 

20 

0.15 

0.04 

9 

0.22 

0.06 

12 

0.18 

0.07 

13 

HD 22872 

-0.05 

0.04 

3 

0.03 

0.05 

19 

-0.01 

0.06 

9 

0.02 

0.05 

12 

-0.02 

0.05 

14 

HD 25123 

0.03 

0.01 

2 

0.00 

0.04 

20 

0.00 

0.05 

11 

0.04 

0.04 

10 

0.02 

0.05 

18 

HD 40040 

0.26 

0.01 

3 

0.16 

0.05 

19 

0.21 

0.06 

11 

0.21 

0.05 

12 

0.30 

0.06 

17 

HD 49409 

0.04 

0.06 

2 

0.05 

0.04 

15 

0.13 

0.04 

10 

0.10 

0.05 

10 

0.16 

0.05 

12 

HD 52711 

-0.05 

0.04 

4 

0.04 

0.05 

20 

0.06 

0.05 

11 

-0.01 

0.05 

12 

0.02 

0.05 

18 

HD 60779 

0.01 

0.04 

2 

0.04 

0.05 

19 

0.07 

0.05 

8 

0.01 

0.05 

11 

0.07 

0.05 

15 

HD 67088 

-0.02 

0.00 

2 

0.01 

0.05 

21 

0.05 

0.04 

10 

0.00 

0.05 

12 

-0.04 

0.05 

16 

HD 67587 

0.11 

0.06 

3 

0.09 

0.05 

16 

0.14 

0.05 

9 

0.05 

0.05 

8 

0.10 

0.05 

13 

HD 76095 

0.18 

0.01 

2 

0.08 

0.05 

21 

0.09 

0.05 

10 

0.07 

0.04 

10 

0.08 

0.05 

18 

HD 77408 

0.04 

0.04 

3 

0.01 

0.06 

14 

0.05 

0.04 

7 

0.08 

0.05 

9 

0.11 

0.05 

8 

HD 78558 

0.27 

0.05 

3 

0.22 

0.05 

18 

0.22 

0.05 

9 

0.14 

0.05 

12 

0.29 

0.05 

16 

HD 88371 

0.25 

0.03 

3 

0.16 

0.05 

20 

0.22 

0.06 

11 

0.22 

0.05 

9 

0.27 

0.05 

24 

HD 88446 

0.06 

0.04 

3 

0.09 

0.05 

20 

0.12 

0.05 

9 

0.06 

0.05 

12 

0.14 

0.06 

10 

HD 90508 

0.16 

0.04 

3 

0.10 

0.05 

21 

0.14 

0.04 

11 

0.05 

0.04 

11 

0.13 

0.05 

18 

HD 109498 

0.06 

0.03 

3 

0.03 

0.06 

14 

0.01 

0.06 

7 

0.02 

0.02 

8 

0.02 

0.06 

7 

HD 111367 

0.07 

0.05 

4 

0.03 

0.04 

20 

0.04 

0.04 

10 

0.04 

0.04 

11 

0.05 

0.05 

14 

HD 135694 

0.19 

0.02 

3 

0.07 

0.06 

11 

0.12 

0.06 

7 

0.03 

0.04 

8 

0.07 

0.06 

6 

HD 138750 

-0.03 

0.03 

2 

0.03 

0.05 

20 

0.12 

0.05 

9 

0.04 

0.04 

11 

0.12 

0.05 

10 

HD 140209 

0.10 


1 

0.08 

0.05 

19 

0.09 

0.06 

7 

0.07 

0.05 

9 

0.08 

0.04 

12 

HD 149105 

-0.01 

0.03 

2 

-0.03 

0.04 

15 

0.04 

0.07 

5 

0.01 

0.04 

8 

-0.01 

0.05 

7 

HD 149890 

0.00 

0.04 

3 

0.01 

0.05 

18 

0.01 

0.04 

7 

-0.05 

0.04 

7 

-0.02 

0.05 

6 
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Table .4. continued. 


HD 156617 

0.06 

0.04 

4 

- 0.01 

0.04 

18 

0.03 

0.05 

11 

- 0.02 

0.04 

10 

0.03 

0.05 

15 

HD 156893 

0.29 

0.04 

3 

0.14 

0.04 

20 

0.16 

0.05 

11 

0.18 

0.05 

11 

0.19 

0.05 

25 

HD 157214 

0.31 

0.05 

2 

0.22 

0.04 

16 

0.22 

0.06 

8 

0.15 

0.04 

9 

0.26 

0.04 

12 

BD +40 3374 

0.38 

0.03 

3 

0.20 

0.05 

18 

0.23 

0.04 

8 

0.24 

0.04 

8 

0.38 

0.07 

22 

HD 171009 

0.12 


1 

0.12 

0.04 

15 

0.15 

0.06 

7 

0.13 

0.04 

7 

0.19 

0.03 

8 

HD 171242 

0.01 

0.04 

2 

0.10 

0.05 

11 

0.14 

0.04 

7 

0.02 

0.05 

7 

0.11 

0.04 

10 

HD 178478 

0.33 

0.04 

3 

0.20 

0.05 

14 

0.25 

0.05 

7 

0.06 

0.06 

7 

0.31 

0.06 

8 

HD 188326 

0.22 

0.00 

2 

0.13 

0.03 

15 

0.12 

0.05 

7 

0.07 

0.05 

6 

0.20 

0.05 

13 

HD 206373 

0.02 

0.03 

4 

0.04 

0.05 

15 

0.05 

0.02 

6 

0.04 

0.04 

8 

0.05 

0.03 

7 

HD 210483 

0.07 

0.03 

3 

0.00 

0.05 

17 

0.05 

0.06 

7 

0.02 

0.04 

8 

0.04 

0.05 

18 

HD 211476 

0.05 

0.01 

2 

- 0.01 

0.04 

16 

0.02 

0.03 

6 

- 0.03 

0.04 

8 

0.01 

0.03 

9 

HD 217511 

0.00 

0.04 

2 

0.03 

0.05 

17 

0.06 

0.05 

9 

0.10 

0.05 

7 

0.02 

0.05 

6 

HD 219175 

- 0.06 


1 

- 0.01 

0.06 

15 

0.01 

0.05 

7 

- 0.02 

0.03 

9 

0.02 

0.04 

6 

Thin-disc stars 
















HD 115383 




0.06 

0.05 

13 

0.08 

0.04 

8 

0.00 

0.06 

9 

0.07 

0.04 

8 

HD 127334 

0.07 

0.03 

2 

0.03 

0.05 

20 

0.00 

0.05 

11 

- 0.02 

0.05 

10 

- 0.03 

0.05 

16 

HD 136064 

- 0.04 

0.03 

2 

0.00 

0.05 

15 

0.09 

0.05 

6 

0.10 

0.04 

8 

- 0.02 

0.05 

10 

HD 163989 

0.04 

0.07 

4 

0.06 

0.05 

15 

0.04 

0.03 

4 

0.06 

0.05 

9 

0.10 

0.06 

8 

HD 187013 

- 0.04 

0.02 

2 

0.06 

0.06 

11 

0.09 

0.04 

4 

0.01 

0.06 

7 

0.09 

0.06 

5 

HD 187691 

0.00 

0.06 

3 

0.03 

0.05 

18 

0.05 

0.02 

8 

0.01 

0.05 

12 

0.03 

0.05 

12 

HD 200790 

0.01 

0.01 

2 

0.04 

0.05 

16 

0.01 

0.04 

7 

0.05 

0.05 

9 

0.00 

0.04 

7 

HD 220117 

0.01 


1 

0.00 

0.05 

9 

0.10 

0.05 

5 

0.06 

0.04 

4 

0.12 

0.05 

6 

Thick-disc stars 
















HD 150433 

0.10 


1 

0.17 

0.05 

18 

0.22 

0.05 

9 

0.19 

0.05 

9 

0.28 

0.05 

18 

HD 181047 

0.05 

0.02 

2 

0.03 

0.04 

20 

0.05 

0.05 

11 

- 0.02 

0.05 

11 

- 0.01 

0.05 

23 

HD 186411 

0.05 

0.02 

3 

0.00 

0.05 

20 

0.11 

0.04 

8 

0.02 

0.04 

9 

0.03 

0.05 

18 

HD 195019 

- 0.02 

0.03 

3 

- 0.01 

0.04 

20 

0.02 

0.05 

10 

- 0.04 

0.05 

11 

- 0.02 

0.05 

25 

HD 198300 

0.18 

0.05 

4 

0.03 

0.03 

19 

0.03 

0.05 

9 

- 0.01 

0.05 

11 

0.1 

0.06 

11 


Star 

[ Tin / Fe ] 

( T 

n 

[ V / Fe ] 

cr 

n 

[ Cr / Fe ] 

<r 

n 

[ Co / Fe ] 

<r 

n 

[ Ni / Fe ] 

cr 

n 


Group 1 stars 


HD 3795 

0.20 

0.06 

4 

0.15 

0.05 

11 

0.07 

0.05 

13 

0.15 

0.03 

6 

0.04 

0.05 

23 

HD 4607 

0.06 

0.02 

3 

0.03 

0.03 

5 

- 0.01 

0.06 

13 

- 0.06 

0.05 

5 

- 0.04 

0.05 

15 

HD 15777 

0.22 

0.03 

4 

0.12 

0.05 

8 

0.02 

0.05 

17 

0.12 

0.05 

8 

0.00 

0.05 

27 

HD 22872 

- 0.03 

0.06 

4 

0.02 

0.05 

13 

0.00 

0.05 

19 

- 0.05 

0.05 

10 

- 0.04 

0.05 

30 

HD 25123 

0.02 

0.04 

4 

0.00 

0.04 

10 

0.00 

0.06 

17 

0.00 

0.05 

9 

- 0.02 

0.06 

30 

HD 40040 

0.26 

0.04 

4 

0.14 

0.06 

12 

0.03 

0.06 

17 

0.11 

0.05 

6 

0.04 

0.04 

28 

HD 49409 

0.08 

0.02 

4 

0.14 

0.05 

10 

0.02 

0.05 

14 

0.03 

0.03 

7 

- 0.01 

0.05 

19 

HD 52711 

0.03 

0.06 

4 

- 0.02 

0.05 

12 

0.01 

0.05 

18 

- 0.02 

0.05 

10 

- 0.02 

0.05 

29 

HD 60779 

0.03 

0.05 

4 

0.06 

0.06 

9 

0.01 

0.06 

15 

- 0.03 

0.06 

9 

- 0.02 

0.05 

28 

HD 67088 

- 0.05 

0.06 

4 

- 0.06 

0.06 

14 

0.00 

0.05 

19 

- 0.07 

0.04 

9 

- 0.05 

0.05 

29 

HD 67587 

0.06 

0.02 

4 

0.13 

0.05 

6 

0.03 

0.06 

14 

0.06 

0.04 

5 

- 0.03 

0.05 

23 

HD 76095 

0.12 

0.04 

3 

0.06 

0.05 

12 

0.05 

0.05 

17 

0.05 

0.04 

9 

- 0.02 

0.05 

30 

HD 77408 

0.10 

0.07 

3 

0.07 

0.05 

5 

- 0.02 

0.05 

11 

0.03 

0.04 

6 

- 0.05 

0.05 

14 

HD 78558 

0.20 

0.05 

4 

0.07 

0.05 

12 

0.04 

0.06 

18 

0.08 

0.04 

8 

0.02 

0.05 

28 

HD 88371 

0.27 

0.02 

4 

0.13 

0.04 

14 

0.04 

0.06 

18 

0.07 

0.03 

10 

0.04 

0.05 

28 

HD 88446 

0.04 

0.02 

4 

0.02 

0.03 

5 

0.00 

0.05 

14 

0.04 

0.02 

5 

- 0.05 

0.04 

23 

HD 90508 

0.07 

0.04 

4 

0.06 

0.05 

13 

0.01 

0.05 

18 

0.03 

0.05 

10 

- 0.02 

0.05 

30 

HD 109498 

0.01 

0.03 

4 

0.00 

0.04 

6 

0.01 

0.07 

15 

0.01 

0.03 

4 

- 0.04 

0.06 

18 

HD 111367 

- 0.01 

0.04 

4 

0.01 

0.06 

7 

- 0.01 

0.04 

16 

- 0.02 

0.05 

8 

- 0.04 

0.05 

28 

HD 135694 

0.05 

0.00 

2 

- 0.03 

0.05 

9 

0.02 

0.04 

12 

0.01 

0.03 

6 

- 0.07 

0.05 

14 

HD 138750 

0.08 

0.08 

4 

0.04 

0.05 

5 

0.00 

0.05 

14 

- 0.02 

0.05 

6 

- 0.06 

0.05 

24 

HD 140209 

0.04 

0.03 

3 

0.04 

0.05 

9 

0.04 

0.05 

15 

0.01 

0.05 

7 

- 0.03 

0.06 

26 

HD 149105 

- 0.06 

0.03 

2 

- 0.08 

0.01 

3 

- 0.01 

0.09 

15 

- 0.08 

0.06 

5 

- 0.04 

0.03 

24 

HD 149890 

- 0.01 

0.02 

3 

- 0.02 

0.04 

5 

- 0.02 

0.07 

13 

- 0.06 

0.04 

9 

- 0.07 

0.05 

21 

HD 156617 

- 0.04 

0.05 

4 

- 0.05 

0.04 

12 

0.02 

0.05 

17 

- 0.05 

0.03 

9 

- 0.07 

0.05 

29 

HD 156893 

0.17 

0.05 

4 

0.08 

0.05 

14 

0.02 

0.06 

16 

0.05 

0.04 

11 

0.00 

0.05 

27 

HD 157214 

0.10 

0.01 

2 

0.13 

0.03 

5 

0.02 

0.08 

12 

0.16 

0.03 

5 

0.03 

0.06 

19 

BD +40 3374 

0.30 

0.04 

3 

0.24 

0.04 

7 

0.10 

0.05 

13 

0.19 

0.04 

8 

0.04 

0.06 

24 

HD 171009 

0.11 

0.04 

3 

0.07 

0.04 

4 

- 0.02 

0.08 

13 

0.06 

0.08 

5 

- 0.03 

0.05 

16 

HD 171242 

0.03 

0.05 

4 

0.03 

0.04 

8 

0.03 

0.04 

12 

0.05 

0.05 

4 

- 0.09 

0.05 

15 

HD 178478 

0.21 

0.01 

3 

0.16 

0.05 

8 

0.10 

0.06 

9 

0.07 

0.03 

4 

- 0.03 

0.05 

18 

HD 188326 

0.27 

0.03 

4 

0.14 

0.06 

9 

0.05 

0.05 

15 

0.10 

0.04 

7 

0.02 

0.05 

21 

HD 206373 

0.03 

0.05 

4 

0.01 

0.05 

5 

- 0.04 

0.05 

13 

- 0.03 

0.04 

4 

- 0.04 

0.04 

18 

HD 210483 

0.01 

0.04 

4 

- 0.06 

0.02 

7 

0.01 

0.07 

14 

- 0.04 

0.05 

9 

- 0.06 

0.05 

26 

HD 211476 

0.00 

0.04 

4 

- 0.03 

0.04 

6 

0.01 

0.05 

16 

- 0.04 

0.04 

7 

- 0.04 

0.04 

22 

HD 217511 

0.06 

0.01 

2 




0.00 

0.05 

8 

0.04 

0.01 

4 

- 0.01 

0.05 

13 

HD 219175 

- 0.03 

0.03 

3 

- 0.02 

0.05 

8 

- 0.05 

0.05 

9 

- 0.04 

0.03 

3 

- 0.08 

0.05 

22 

Thin-disc stars 

HD 115383 

0.07 

0.03 

3 

0.00 

0.06 

7 

0.02 

0.06 

16 

0.02 

0.05 

5 

- 0.01 

0.04 

20 

HD 127334 

- 0.07 

0.04 

4 

- 0.03 

0.05 

13 

0.03 

0.05 

15 

0.02 

0.04 

8 

0.02 

0.05 

26 

HD 136064 

0.05 

0.03 

3 

0.01 

0.05 

8 

0.03 

0.05 

12 

- 0.04 

0.03 

6 

- 0.04 

0.05 

16 

HD 163989 

0.08 

0.03 

4 

0.02 

0.08 

4 

- 0.03 

0.05 

11 

- 0.03 

0.05 

6 

- 0.07 

0.05 

23 

HD 187013 

0.09 

0.01 

2 




0.02 

0.06 

9 




- 0.04 

0.05 

13 

HD 187691 

0.02 

0.03 

4 

- 0.04 

0.05 

7 

0.00 

0.04 

17 

- 0.07 

0.06 

6 

- 0.03 

0.05 

28 

HD 200790 

- 0.04 

0.03 

4 

- 0.04 

0.05 

5 

0.01 

0.04 

15 

- 0.04 

0.05 

6 

- 0.03 

0.04 

23 

HD 220117 







0.00 

0.06 

7 




- 0.04 

0.04 

9 

Thick-disc stars 

HD 150433 

0.26 

0.03 

2 

0.17 

0.05 

8 

0.07 

0.05 

16 

0.07 

0.05 

7 

0.04 

0.05 

25 

HD 181047 

- 0.05 

0.05 

4 

- 0.02 

0.05 

14 

0.05 

0.06 

18 

- 0.02 

0.06 

11 

- 0.01 

0.05 

26 

HD 186411 

0.02 

0.03 

4 

- 0.01 

0.06 

12 

0.01 

0.06 

17 

- 0.04 

0.05 

7 

- 0.07 

0.05 

27 

HD 195019 

- 0.05 

0.05 

4 

- 0.05 

0.05 

12 

0.01 

0.05 

19 

- 0.05 

0.05 

8 

- 0.06 

0.05 

30 

HD 198300 

0.03 

0.05 

4 

0.01 

0.04 

7 

- 0.04 

0.06 

16 

0.04 

0.02 

6 

- 0.06 

0.05 

26 
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Table .5. Elemental abundances of neutron-capture elements for programme and comparison stars. 


Star [ Y / Fe ] cr n [ Zn / Fe ] cr n [ Zrn / Fe ] cr n [ Ba / Fe ] [ La / Fe ] <x n 


Group 1 stars 


HD 3795 

- 0.03 

0.03 

6 

0.17 

0.07 

4 

0.08 

0.02 

2 

- 0.06 

0.20 

0.05 

3 



HD 4607 

- 0.02 

0.02 

5 

0.07 

0.02 

3 

0.07 

0.01 

2 

0.28 

- 0.05 

0.07 

2 



HD 15777 

- 0.13 

0.06 

4 

0.13 

0.00 

3 

0.10 

0.09 

2 

- 0.14 

- 0.01 

0.01 

3 



HD 22872 

- 0.12 

0.01 

6 

- 0.06 

0.08 

4 

- 0.01 

0.09 

2 

0.00 

- 0.16 

0.05 

3 



HD 25123 

- 0.07 

0.05 

7 

0.07 

0.02 

2 

- 0.04 

0.01 

2 

0.06 

0.00 

0.04 

4 



HD 40040 

- 0.22 

0.03 

4 

0.03 

0.01 

2 

- 0.05 

0.05 

2 

- 0.13 

0.02 

0.06 

2 



HD 49409 

- 0.21 

0.08 

2 

0.19 

0.05 

2 

0.11 


1 

0.07 

- 0.13 


1 



HD 52711 

- 0.16 

0.03 

7 

0.08 

0.05 

5 

0.05 

0.04 

2 

- 0.08 

- 0.06 

0.06 

4 



HD 60779 

- 0.06 

0.06 

7 

0.05 

0.03 

3 

0.01 

0.04 

2 

0.11 

- 0.04 

0.06 

4 



HD 67088 

- 0.20 

0.04 

7 

- 0.20 

0.03 

3 

- 0.15 

0.04 

2 

0.00 

- 0.03 

0.05 

4 



HD 67587 

- 0.16 

0.05 

4 

- 0.10 


1 

- 0.18 


1 

0.08 

0.01 

0.00 

3 



HD 76095 

- 0.05 

0.06 

5 

0.00 

0.05 

3 

0.00 

0.04 

2 

0.24 

0.14 

0.01 

2 



HD 77408 

- 0.08 

0.01 

3 




0.17 


1 

0.21 

0.07 


1 



HD 78558 

- 0.13 

0.05 

6 

0.07 

0.09 

2 

- 0.01 

0.01 

2 

- 0.13 

- 0.16 

0.04 

2 



HD 88371 

0.03 

0.07 

4 

0.06 

0.03 

4 

0.06 

0.02 

2 

- 0.18 

- 0.09 


1 



HD 88446 

0.57 

0.05 

5 

0.57 


1 

0.56 

0.01 

2 

1.04 

0.70 

0.08 

4 



HD 90508 

- 0.19 

0.05 

6 

- 0.06 

0.05 

4 

- 0.01 

0.01 

2 

- 0.05 

0.02 

0.04 

3 



HD 109498 

- 0.09 

0.02 

6 

- 0.02 

0.06 

3 

- 0.03 

0.04 

2 

- 0.07 

- 0.01 

0.07 

2 



HD 111367 

- 0.17 

0.05 

6 

0.00 

0.06 

3 

- 0.02 

0.03 

2 

0.06 

0.06 

0.05 

2 



HD 135694 

- 0.20 

0.07 

3 

- 0.01 

0.07 

4 

0.01 


1 

- 0.04 






HD 138750 

0.00 

0.04 

7 

0.16 

0.03 

3 

0.04 

0.07 

2 

0.19 

0.04 

0.05 

4 



HD 140209 

- 0.13 

0.03 

4 

0.00 

0.04 

3 

- 0.14 

0.06 

2 

- 0.24 

- 0.07 

0.02 

3 



HD 149105 

- 0.16 

0.04 

5 

- 0.02 


1 

- 0.03 

0.01 

2 

0.11 

- 0.07 

0.00 

2 



HD 149890 

- 0.15 

0.04 

6 

0.09 


1 

0.07 


1 

0.00 

- 0.02 

0.01 

2 



HD 156617 

- 0.21 

0.05 

6 

- 0.09 

0.04 

2 

- 0.07 


1 

0.03 

- 0.07 

0.08 

3 



HD 156893 

- 0.03 

0.06 

6 

- 0.02 

0.04 

6 

0.04 

0.02 

2 

0.21 

0.15 

0.07 

3 



HD 157214 

- 0.13 

0.07 

5 

0.08 

0.06 

4 

0.05 

0.03 

2 

- 0.26 

- 0.06 

0.06 

2 



BD +40 3374 

- 0.14 

0.07 

3 

0.30 

0.04 

5 

0.34 


1 


0.04 


1 



HD 171009 

- 0.12 

0.04 

4 

0.17 

0.03 

3 

0.09 


1 

0.02 

0.05 

0.05 

3 



HD 171242 

- 0.14 

0.00 

2 

0.24 


1 

0.21 

0.06 

2 


0.20 

0.01 

2 



HD 178478 

- 0.15 

0.10 

3 

0.18 

0.04 

2 




- 0.24 

0.11 

0.05 

3 



HD 188326 

- 0.05 

0.06 

5 

0.06 

0.03 

6 

0.02 


1 

0.00 

0.13 

0.05 

3 



HD 206373 

- 0.09 

0.06 

6 




- 0.14 


1 

0.16 

- 0.07 

0.05 

3 



HD 210483 

- 0.17 

0.05 

4 

0.00 

0.02 

2 

- 0.05 

0.02 

2 

- 0.11 

- 0.03 

0.06 

3 



HD 211476 

- 0.16 

0.06 

7 

- 0.04 

0.04 

5 

0.00 

0.06 

2 

- 0.10 

0.06 

0.05 

2 



HD 217511 

0.11 

0.02 

5 








0.21 

0.01 

2 



HD 219175 

- 0.15 

0.04 

5 

- 0.09 


1 

- 0.09 

0.00 

2 

0.00 

0.12 

0.00 

2 



Thin-disc stars 
















HD 115383 

- 0.17 

0.06 

5 

0.00 


1 

- 0.03 

0.05 

2 

- 0.05 

- 0.09 


1 



HD 127334 

- 0.20 

0.05 

6 

- 0.15 

0.05 

7 

- 0.15 

0.03 

2 


- 0.17 

0.06 

3 



HD 136064 

0.05 

0.00 

2 




0.19 

0.04 

2 

0.05 

0.08 


1 



HD 163989 

0.01 

0.05 

5 




0.03 

0.01 

2 

0.03 

0.08 

0.09 

3 



HD 187013 

- 0.15 

0.03 

5 

- 0.12 


1 

- 0.12 


1 

0.00 

0.07 

0.04 

2 



HD 187691 

- 0.13 

0.07 

6 

- 0.10 


1 

- 0.09 

0.01 

2 

- 0.14 

- 0.05 

0.02 

3 



HD 200790 

- 0.18 

0.04 

5 

- 0.12 


1 

- 0.11 

0.07 

2 

- 0.17 

- 0.07 

0.05 

4 



HD 220117 










- 0.17 






Thick-disc stars 
















HD 150433 

- 0.06 

0.04 

5 

0.12 

0.06 

4 

0.12 


1 

- 0.16 

0.00 

0.04 

2 



HD 181047 

0.00 

0.06 

7 

- 0.08 

0.05 

4 

- 0.05 

0.01 

2 

- 0.01 

- 0.06 

0.02 

3 



HD 186411 

- 0.05 

0.05 

6 

- 0.03 

0.04 

3 

- 0.03 

0.04 

2 

0.04 

0.03 

0.06 

4 



HD 195019 

- 0.17 

0.06 

7 

- 0.20 

0.04 

4 

- 0.17 

0.04 

2 

- 0.01 

- 0.09 

0.06 

4 



HD 198300 

- 0.14 

0.06 

5 

- 0.02 

0.09 

2 




0.05 

- 0.01 

0.07 

3 



Star 

[ Ce / Fe ] 

£ T 

n 

[ Pr / Fe ] 

cr 

n 

[ Nd / Fe ] 

cr 

n 

[ Sm / Fe ] 

cr 

n 

[ Eu / Fe ] 

cr 

n 

Group 1 stars 

HD 3795 

0.17 

0.06 

2 

0.44 

0.14 

2 

0.32 

0.03 

6 

0.44 

0.13 

3 

0.64 

0.03 

2 

HD 4607 

- 0.02 

0.00 

2 

0.14 


1 

0.08 

0.04 

4 

0.11 

0.01 

2 

0.03 

0.04 

2 

HD 15777 

0.04 

0.02 

3 

0.14 

0.05 

2 

0.12 

0.05 

5 

0.18 

0.05 

3 

0.30 

0.04 

2 

HD 22872 

- 0.09 

0.09 

3 

0.02 

0.06 

2 

- 0.10 

0.02 

7 

- 0.01 

0.08 

3 

- 0.07 

0.06 

2 

HD 25123 

- 0.08 

0.05 

5 

- 0.05 

0.01 

2 

- 0.06 

0.05 

5 

- 0.06 

0.04 

3 

- 0.04 

0.00 

2 

HD 40040 

- 0.05 

0.06 

3 

0.24 

0.02 

2 

0.09 

0.05 

5 

0.21 

0.05 

2 

0.28 

0.03 

2 

HD 49409 

- 0.04 

0.06 

2 

0.23 


1 

0.25 

0.03 

3 

0.24 

0.07 

3 

0.33 


1 

HD 52711 

- 0.09 

0.05 

4 

- 0.01 

0.12 

2 

- 0.04 

0.05 

5 

- 0.01 

0.03 

3 

- 0.08 

0.04 

2 

HD 60779 

0.03 

0.04 

3 

0.19 


1 

- 0.02 

0.07 

6 

0.01 

0.03 

3 

0.01 

0.02 

2 

HD 67088 

- 0.10 

0.03 

4 

0.06 

0.03 

2 

- 0.08 

0.05 

6 

- 0.03 

0.06 

3 

- 0.01 

0.08 

2 

HD 67587 

- 0.06 

0.05 

2 




0.07 

0.07 

3 




0.02 

0.06 

2 

HD 76095 

0.13 

0.04 

4 

0.16 

0.06 

2 

0.16 

0.07 

5 

0.15 

0.01 

2 

0.22 

0.04 

2 

HD 77408 

0.06 


1 

0.21 


1 

0.20 

0.02 

3 

0.22 


1 

0.16 

0.02 

2 

HD 78558 

- 0.02 

0.05 

5 

0.22 

0.03 

2 

0.03 

0.05 

5 

0.16 

0.01 

2 

0.20 

0.01 

2 

HD 88371 

0.00 

0.04 

3 

0.11 


1 

0.08 

0.03 

5 

0.21 

0.01 

3 

0.24 


1 

HD 88446 

0.65 

0.03 

4 

0.56 

0.06 

2 

0.66 

0.03 

7 

0.55 

0.06 

2 

0.34 

0.09 

2 

HD 90508 

- 0.08 

0.09 

3 

0.11 

0.07 

2 

0.06 

0.04 

8 

0.18 

0.03 

3 

0.17 

0.01 

2 

HD 109498 

0.08 

0.03 

4 

0.17 

0.04 

2 

0.08 

0.06 

4 

0.15 

0.00 

2 

0.16 

0.05 

2 

HD 111367 

0.09 


1 

0.14 

0.00 

2 

- 0.04 

0.07 

4 

0.06 

0.00 

2 

0.02 

0.06 

2 

HD 135694 

0.01 

0.08 

3 

0.26 


1 

0.00 

0.05 

4 

0.21 

0.08 

3 

0.23 

0.11 

2 

HD 138750 

0.03 

0.08 

3 

0.12 

0.07 

2 

0.04 

0.04 

5 

0.04 

0.05 

3 

0.01 

0.01 

2 

HD 140209 

- 0.04 

0.03 

5 

0.08 


1 

0.00 

0.03 

5 

0.05 

0.04 

3 

0.09 

0.04 

2 

HD 149105 

- 0.09 

0.02 

2 

- 0.1 


1 

0.02 

0.03 

4 

0.10 

0.11 

2 

0.08 

0.05 

2 

HD 149890 

- 0.03 


1 

- 0.02 


1 

- 0.02 

0.02 

4 

0.07 


1 

0.02 

0.00 

2 

HD 156617 

- 0.07 

0.02 

4 

- 0.13 

0.04 

2 

- 0.06 

0.04 

5 

- 0.01 

0.02 

3 

- 0.02 

0.05 

2 
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HD 156893 

0.04 

0.09 

3 

0.26 

0.08 

2 

0.20 

0.02 

8 

0.34 

0.01 

2 

0.38 

0.02 

2 

HD 157214 

- 0.08 

0.03 

3 

0.13 

0.01 

2 

0.04 

0.06 

5 

0.27 

0.05 

3 

0.28 

0.02 

2 

BD +40 3374 

0.19 

0.05 

3 




0.30 

0.06 

3 

0.29 

0.05 

3 

0.51 

0.01 

2 

HD 171009 

0.05 

0.09 

3 

0.27 


1 

0.12 

0.06 

6 

0.25 

0.06 

2 

0.29 

0.03 

2 

HD 171242 

0.20 

0.07 

2 




0.14 

0.04 

5 

0.36 


1 

0.24 


1 

HD 178478 

- 0.04 

0.05 

2 




- 0.04 

0.04 

4 




0.19 

0.07 

2 

HD 188326 

0.09 

0.05 

3 

0.19 

0.01 

2 

0.13 

0.04 

7 

0.19 

0.05 

3 

0.21 

0.04 

2 

HD 206373 

- 0.02 

0.05 

3 

0.2 

0.00 

2 

- 0.03 

0.05 

3 

- 0.02 

0.03 

2 

- 0.01 


1 

HD 210483 

- 0.10 

0.09 

4 

0 


1 

- 0.03 

0.04 

6 

- 0.04 


1 

- 0.02 


1 

HD 211476 

- 0.10 

0.06 

4 

0.11 


1 

0.02 

0.05 

5 

0.09 

0.07 

3 

0.05 

0.02 

2 

HD 217511 

0.14 


1 




0.20 


1 

0.16 


1 

0.14 

0.01 

2 

HD 219175 

- 0.04 

0.06 

2 

0.14 


1 

- 0.03 

0.06 

4 

0.04 

0.00 

2 

0.05 

0.01 

2 

Thin-disc stars 

HD 115383 

- 0.19 

0.01 

2 

0.03 


1 

- 0.13 

0.03 

4 

- 0.15 

0.03 

3 

- 0.09 

0.01 

2 

HD 127334 

- 0.20 

0.03 

4 

- 0.14 


1 

- 0.17 

0.05 

6 

- 0.21 

0.04 

2 

- 0.19 

0.06 

2 

HD 136064 




0.10 


1 

0.05 

0.07 

4 




0.09 

0.06 

2 

HD 163989 

0.08 

0.03 

3 

0.03 


1 

0.04 

0.03 

3 

0.06 

0.05 

2 

- 0.01 

0.04 

2 

HD 187013 

- 0.04 


1 

- 0.05 

0.01 

2 

- 0.17 

0.03 

2 

- 0.08 

0.08 

2 

- 0.11 

0.03 

2 

HD 187691 

- 0.16 

0.05 

3 

- 0.10 


2 

- 0.22 

0.04 

4 

- 0.05 


1 

- 0.07 

0.00 

2 

HD 200790 

- 0.09 

0.08 

4 

- 0.19 

0.03 

2 

- 0.16 

0.05 

5 

- 0.09 

0.02 

2 

- 0.15 

0.00 

2 


HD 220117 


Thick-disc stars 


HD 150433 

- 0.08 


1 

0.37 


1 

0.12 

0.03 

4 

0.34 


1 

0.25 

0.03 

2 

HD 181047 

- 0.02 

0.05 

3 

0.07 


1 

- 0.02 

0.04 

6 

0.07 

0.06 

2 

0.01 

0.08 

2 

HD 186411 

- 0.11 

0.05 

4 

- 0.06 

0.13 

2 

- 0.05 

0.04 

6 

- 0.06 

0.02 

2 

- 0.03 

0.01 

2 

HD 195019 

- 0.10 

0.02 

4 

- 0.01 

0.06 

2 

- 0.06 

0.04 

8 

- 0.01 

0.08 

3 

- 0.03 

0.08 

2 

HD 198300 

- 0.03 

0.07 

4 

0.28 

0.06 

2 

0.07 

0.02 

3 

0.25 

0.01 

2 

0.12 

0.00 

2 



